The maximum electron energy of the HESR electron cooling system has been decided to be 4.5 MeV, with a possible future upgrade to 8 MeV. Calculations with BETACOOL have been carried out; these include effects of imperfections of the electron beam as well as the internal hydrogen pellet target and intra-beam scattering. Design work is going on. This makes use of the experience gained at the FNAL Recycler and aims to result in a practical solution, which includes considerations for robustness as well as ease of assembly, bake-out, and to make use of proven solutions as much as possible.
INTRODUCTION
The purpose of the electron cooling system at HESR [1] is to work together with the stochastic cooling system [2] in order to prepare the antiproton beam to provide the required momentum resolution for the experiments. Longitudinal and transverse blow-up of the beam due to the internal target and to intrabeam scattering is to be compensated by either of these systems or of them working together. The exact splitting of the tasks between the electron cooling system and the stochastic cooling system is not yet clear. However it is clear that stochastic cooling will be available for all degrees of freedom from 3 GeV to the maximum energy of HESR, and electron cooling will be available from the minimum energy 831 MeV (1.5 GeV/c) up to 8 GeV but (at least initially) not be available for energies higher than 8 GeV.
PANDA [3] requires an internal hydrogen target with effective thickness 4×10 15 hydrogen atoms per cm 2 and 10 10 -10 11 antiprotons circulating in HESR in order to produce luminosities ranging from 2×10 31 to 2×10 32 cm -2 s -1 . The only known internal target, which meets this specification, is the hydrogen pellet target [4] . The wish of the experimenters is to combine this with a momentum resolution of about 10 -5 -10 -4 . The pellet target consists of a stream of frozen droplets of hydrogen produced in a vibrating nozzle at a rate of 60,000 s -1 . These are injected into vacuum in a vacuum injection capillary in which they also get accelerated by gas drag to a velocity of 60 m/s. In order to limit the transverse spread of the hydrogen pellets they are subsequently made to pass a skimmer, which gives the pellet stream a diameter of about 1.5 mm at the interaction point. The rate of pellets that make it through the skimmer is about 20,000 s -1 .
The ratio between the maximum instantaneous luminosity L (when the antiproton beam hits a pellet head-on) to the average luminosity L (for an antiproton beam of small emittance, which travels through the cylindrical pellet stream along a diameter) is
where the pellet stream has a constant density of pellets inside a cylinder of radius R , the average vertical separation between the pellets is h and the antiproton beam has rms size σ in both planes. If we assume that A thorough study of the electron cooler for HESR has been performed by the Budker Institute of Nuclear Physics in Novosibirsk, Russia [5, 6] .
COOLING SCENARIO
The beam will always be injected at 3 GeV. We assume that the beam will be stochastically pre-cooled to rms un-normalised transverse emittances (both planes) of 0.1 µm and relative momentum spread of 1.5×10 -4 . The beam will then be accelerated or decelerated to the experimental energy, where it will be exposed to the internal target and cooled with electron or stochastic cooling, or both.
In order for the electron energy to reach the desired stability the electron cooler should be kept at a constant voltage during the cycle, thus there is only electron cooling at the injection energy when this coincides with the experimental energy.
CHOICE OF BETA-VALUE AT THE INTERNAL TARGET
In order to make the beam not become too small at the pellet target, there is a preference for choosing a not too small beta-value at the target. The argument against too large beta-values at the target is that the cross section for single scattering out of the acceptance becomes large. This cross section is β is the beta-value at the target, and 0 A is the acceptance. The nuclear reaction cross section in the target is about 100 mbarn at 1.5 GeV/c, 70 mbarn at 3.8 GeV/c, 55 mbarn at 8.9 GeV/c and 52 mbarn at 15 GeV/c [7] . If we allow the single-scattering cross section ss σ to be 40 % of the nuclear cross-section, and 
CHOICE OF MAGNETIC FIELD IN THE ELECTRON COOLING SECTION AND ELECTRON BEAM RADIUS
Busch's theorem implies that the flux, which is contained in the electron beam in the cooling section, determines parameters of the electron beam transport. There is a technological upper limit to this flux, because the accelerating tubes cannot be made with arbitrary apertures. In fact, in [5] an aperture of 20 mm (diameter) is assumed, and the High-Gradient tubes from National Electrostatic Corporation have an aperture of 1 inch (diameter), and there is also a technological limit to the magnetic field strength which can be produced by solenoids placed at high voltage because of limitations in the power that can be transmitted to high voltage with rotating shafts or other means, and there is a limit to the power, that it is possible to cool away with the insulating SF6 gas. (If the magnetic field in the accelerating section will be produced with solenoids, which are placed at ground potential, then they will be of big diameter, and therefore also can only reasonably produce a limited magnetic field strength). Therefore, it is necessary to trade-off electron beam diameter in the cooling section against the magnetic field in the cooling section.
We conclude that the electron beam diameter in the acceleration sections shall be 17 mm in order to have a sufficient margin to a 25 mm aperture, and that the magnetic field in the accelerating section can be up to 0.07 T. Thus, the magnetic flux, which is contained in the electron beam in the cooling section, is going to be In [5] , it is shown that good magnetization of the electron beam at the highest momentum (15 GeV/c) requires a magnetic field strength in the interaction region of at least 0.2 T. As a safety margin, a magnetic field strength of 0.5 T is chosen in [5] .
This higher magnetic field helps to ensure magnetized electron cooling in the case of magnetic field imperfections. It is also useful for keeping rotation of electron beam due to E×B drift small, also when some neutralization of the electron beam is present.
On the other hand, a lower value of the magnetic field in the drift tube allows a bigger diameter of the electron beam; this reduces worries for effects of resonances induced by the non-linear tune shift induced by the electron beam on the antiproton beam. We therefore choose a magnetic field strength of 0.2 T in the cooling section. The electron beam radius in the cooling section then becomes, mm 5 0 = r . Given this relatively low value of the longitudinal magnetic field, we believe that it would be reasonable to make the solenoid normal conducting and not superconducting, as was proposed in [5] . Detailed work on the solenoid has however not yet been done.
CHOICE OF THE BETA-VALUE AT THE COOLING SECTION
Large beta-values at the cooling section will speed up the cooling-down process and increase the longitudinal cooling force. On the other hand, if the beta values are too large, then a big fraction of the antiprotons will be outside of the electron beam in the beginning of the cooling process. We choose the horizontal and vertical beta values at the cooler to be 
CHOICE OF LENGTH OF ELECTRON COOLER AND ELEC-TRON CURRENT, AND CALCULATIONS WITH BETACOOL.
The cooling rate is essentially proportional to the product of electron cooler length and electron current. The cooling rate to be applied is limited by the required minimum beam size on the hydrogen pellet target. Calculations with BETACOOL [8] , which assume that electron cooling is applied simultaneously with longitudinal stochastic cooling, give rms. beam size on target of about 0.36 mm for the combinations of electron current and electron cooler length given in the table 1.
The calculations were carried out using the so-called Parkhomchuk phenomenological expression for the electron cooling force [9] , and assuming that the solenoid can be made with a straightness of 10 -5 radians. The magnetic field in the electron cooling section was 0.2 T and the electron beam radius 5 mm. The electron transverse and longitudinal temperatures were set to 1.0 eV (in the centre of the electron beam) and 0.001 eV respectively. Furthermore, unavoidable envelope oscillations in the electron beam were taken into account by assuming that the transverse electron velocity grows linearly with radius inside the electron beam, with a gradient of 7×10 8 s -1 . Thus, the electron velocity at the edge of the electron beam ( 5 = r mm) becomes 3.5×10 6 m/s, corresponding to a cyclotron radius of 0.1 mm (amplitude of the envelope oscillations of 0.2 mm, measured on the radius of the electron beam, or kT = 70 eV). This feature has recently been introduced into BETACOOL [10] For antiproton energies from 3 GeV the transverse acceptance was set to 2.25 µm for both planes, given by the stochastic cooling pickups [2] . Below 3 GeV the transverse acceptance was assumed to be 20 µm. The longitudinal acceptance was set to 0.1 % [11] . This limits the beam lifetime, therefore some computations were also carried out assuming a longitudinal acceptance of 0.5 %. The energy loss in the target was calculated according to the Urban model, a realistic target model including large energy losses, recently implemented into BETACOOL [10] . The pellet target is represented as a cylindrical hydrogen fibre of diameter 1.5 mm and the same density, as of 20,000 s -1 hydrogen pellets of 30 µm diameter and velocity 60 m/s (i.e. vertical spacing 3 mm). This fibre target option is also newly implemented into BETACOOL [10] . The result of the calculations is summarized in [12] . Longitudinal stochastic cooling, with parameters as indicated by Stockhorst [2] , is included for the calculations from 3.8 GeV/c and up. At 1.5 GeV/c the energy loss in the target needs to be compensated; we assume a low-voltage (5 kV) first-harmonic rf at this energy. An example of the output of the BETACOOL computations is shown in figure 1 . We conclude that the electron beam radius will be 5 mm, and that the longitudinal magnetic field will be 0.2 T. We conclude that the beta values at the target and at the electron cooling section should be variable, as indicated above. We conclude that the electron cooler length can be 15 meters as long as the electron energy is limited to 4.5 MeV, but should be extended to 30 meters if the electron cooler is to be upgraded to 8 MeV. We conclude that we will allow the amplitude of envelope oscillations of the radius of the electron beam to be 0.2 mm, corresponding to a transverse velocity of the electrons of 3.5×10 6 
Dynamitron
A Dynamitron uses capacitive coupling from dynode electrodes to corona rings at individual stages of the acceleration column. The transfer is done at 30-100 kHz. The induced signals are rectified and the stages are cascaded. The coupling to the individual stages leads to low impedance in the feeding of the acceleration electrodes, which is an advantage for electron beam stability. A power transfer of up to at least 100 kW is possible [16, 17] . This is the only technique for which a stability and ripple ≤ 10 -5 has been demonstrated [18] . It is commercially available [16, 17] .
Pelletron
A Pelletron uses chain transport of charge to the high voltage terminal. The current is limited to about 150 µA/chain. The terminal voltage is regulated by shunting current to ground through corona needles. Pelletrons are commercially available with a modu- lar design, which facilitates possible future increase of the high voltage to 8 MV [19] . At Fermilab a Pelletron is used for electron cooling at 4.5 MV, although with requirements on stability and ripple which are not as strict as for HESR and without continuous longitudinal magnetic field [20] .
LAYOUTS Horizontal
A horizontal layout avoids the need for a high tower and minimizes the number of bends in the electron beam transport. However a horizontal layout implies gravitational shear stress and bending of the acceleration columns. This rules out placing the coils for the longitudinal magnetic field on high voltage. Coils can instead be placed outside the pressure tank.
Vertical
A vertical layout permits putting heavy equipment on each voltage level, thus making it possible to place coils and current supplies for the generation of the longitudinal magnetic field on high voltage, close to the accelerating columns. On the other hand, the electron beam path will be more complicated, and a tower is needed. The longitudinal magnetic fields in the acceleration and deceleration columns must have opposite directions and therefore need separate coil systems. Figure 3 shows a tentative design of this type with a Pelletron for the generation of the high voltage. The acceleration column, the deceleration column, the H -voltage stabilizing column, the charging system, the power transfer axes, and the longitudinal magnetic field systems have to be placed in the same tank.
CHOICE OF TECHNIQUE AND LAYOUT
As discussed above, there are two techniques for the generation of the high voltage that we believe are close to fulfill the requirements for the HESR electron cooler, namely the Pelletron and the Dynamitron. Therefore we feel that it is reasonable to disregard from other proposed techniques although some of them might have some advantages. Substantial R&D is needed for proving of their feasibility.
Together with the manufacturers of Pelletrons and Dynamitrons more detailed studies of electron accelerators based on these techniques have been made. The layout for the Pelletron alternative has to be vertical whereas the Dynamitron alternative needs a horizontal layout.
The most important advantages of the Pelletron solution come from the experience gained at FNAL, thus possibilities to copy parts of the design from FNAL, and perhaps getting help from FNAL. The Pelletron solution also therefore has no need for very extensive R&D. Another advantage of the Pelletron alternative is its proven UHV performance (the Pelletron accelerating tube is ceramic, with no organic materials). Furthermore, the Pelletron is modular in its design, making it possible to increase the energy to 8 MeV at a later stage, by prolonging the high-voltage tank and adding sections to the accelerating column.
A main advantage of the Dynamitron alternative is that the accelerating electrodes in the Dynamitron are connected directly to the high-voltage supply. Therefore, the impedance on the electrodes is much smaller than in the case of the resistive highvoltage divider of the Pelletron (about 150 MΩ instead of 10 GΩ). Other important advantage of the Dynamitron is that it has shown performance with 10 -5 voltage stability and ripple. Regulation is fast and is achieved without corona spikes. The highvoltage generation is achieved without moving parts.
The final choice between Pelletron and Dynamitron is not yet taken, however, most of the detailed design work that has been made is based on the Pelletron alternative.
ACCELERATION COLUMN AND HIGH VOLTAGE TANK
We identified the following changes, which we wanted to achieve, in a further development of the design proposed in [5] :
• to decrease number of HV levels with solenoids • to combine a continuous 0.07 T magnetic field with possibility for assembly and bake-out • incorporation of pumping at an intermediate level • using commercially available elements We made a design based on the overall geometry of the electron beam transport as in the Novosibirsk reports and NEC's Pelletron and the Fermilab experience. Because of the Fermilab experience the NEC tubes are the best-known tubes for this applica-tion; they combine a proven operation at voltages of 4.5 MV and above with excellent vacuum properties. The design is shown in figure 4 .
The high voltage tank is equipped with an intermediate flange to be able to elongate the tubes if necessary. The high voltage column consists of 6 sections. For 4.5 MV terminal voltage the voltage over each section will be 750 kV.
The design has been made with consideration of the electric fields at the gas surfaces, the electron beam transport, how to mount, how to bake, cooling of solenoids, how to pump, and how to make magnetic alignment. Further work will address questions of mechanical vibrations and magnetic stray fields from motors and other equipment.
The design is based on the standard NEC structure with 1' length tube modules in pairs, separation boxes and posts. There are solenoids protruding from each side of separation boxes.
Each solenoid needs about 750 W to produce the desired field of 0.07 T. The power is provided by two 2 kVA generators in each separation box. Two rotating shafts drive the generators. Space for the power supplies of the solenoids is provided inside "pieceof-cake" shaped boxes mounted on both sides of the separation boxes. Cooling is provided by the SF 6 gas flow.
There are almost equidistant solenoid positions in the regular sections. These do not allow space for sputter-ion pumping. Therefore a so-called "big separation box" is in- cluded. Inside the box an extra solenoid is mounted to maintain the equidistance of the solenoid positions. It cannot be mounted exactly halfway between the surrounding solenoids but has to be shifted 20 mm downwards to allow space for the pumping.
Electric field simulation for 750 kV/section shows maximum electric field strength of 99 kV/cm, well below the maximum electric field strength in SF 6 . The tube modules are connected directly to the separation boxes, not through the solenoids. This lowers risks for damaging or changing magnetization of the flux return. Tube modules are mounted in the column in pairs. In the sections with a large separation box there is a dead section in between. Baking is done by installing heating jackets through 120 mm gaps between solenoids. Solenoid cooling is done by providing a good thermal contact between the solenoids and separation boxes. Magnetic alignment is done with dipole correctors based on magnetic measurements made prior the tube installation. The solenoid design will foresee the possibility to move solenoids away from the separation box by the amount of the gap (120 mm) to service the resistors.
